Using high quality epitaxial layers, we h a ve obtained direct evidence of the band inversion in the P b 1,x Sn x T esystem. The samples, covering the whole composition range, were grown by molecular beam epitaxy on 111BaF 2 substrates. A minimumin the resistivity as a function of temperature was observed for all samples with Sn composition 0:35 x 0:70. In the same samples and at the same temperature, temperature dependent optical transmission measurements have revealed a change in signal of the energy gap temperature derivative, a direct evidence of the band inversion. However, the temperature for which the inversion occurs is not the one expected by the band inversion model. This discrepancy is supposed to be due to the Burstein-Moss shift caused by the relatively high hole concentration observed in these samples.
I Introduction
Lead-tin telluride is a narrow gap semiconductor which have been investigated for many y ears and applied mainly in the fabrication of infrared 3-14 m photo detectors and diode lasers 1,2 . The growth of epitaxial layers and multi-layer structures like superlattices and multi-quantum wells of narrow gap IV , V I compounds by molecular beam epitaxy MBE has improved the basic research of quantum e ects in these materials 3,4 . New interesting research possibilities were opened by alloying the binary and also ternary lead salts with rare-earth elements mainly Euand Y b to produce compounds with higher energy gaps and their respective m ulti-layer heterostructures 5 . Recently, the growth of lead salts on silicon substrates using uoride bu er layers, in order to obtain the monolithic integration of lead salt detector arrays with silicon read-out circuits, has also received much attention 6,7 . According to the band inversion BI model 8 , the P b 1,x Sn x T eenergy gap E g initially decreases as the Sn composition increases, and vanishes for an intermediate alloy composition. Further increasing the Sn composition, the energy gap starts to increase, with the band edge states inverted, up to the SnTe value. The Sn composition for which the band inversion should occur varies from x 0:35 to x 0:70 as the temperature increases from 4 to 300 K. However, it is very di cult to determine the band edge structure near and beyond the band inversion region, since only high carrier concentration samples can be obtained due to the deviation from the stoichiometry 9 . The energy gap of P b 1,x Sn x T ehas been experimentally determined only for the range x 0:25. The Burstein-Moss shift, caused by the high hole concentration, which is observed in the samples with higher tin composition x 0:30, imposes di culties in the determination of the real" gap by optical-absorption measurements 10,11 . In this composition range, the only available E g experimental data has been determined by tunneling measurements in Al , Al 2 O 3 , SnTe structures 12 . The "real" E g of pure SnTe p 10 20 cm ,3 is 0.18 eV 12 , while the optical energy gap" was found to be near 0.5 eV 10,11 .
Using In doping to reduce carrier concentration, Takaoka et al. 13 have determined the e ective masses and energy gap as a function of tin composition across the band-inversion region by the far-infrared magne-toplasma method. They have observed much heavier e ective masses in these doped samples as compared with the values expected for the undoped P b 1,x Sn x T e and an energy gap which does not go to zero. In their conclusions, they state that it is di cult to say if this behavior is essential for P b S n T eor a result of the In doping. Although the BI model is widely accepted, direct observation for the P b 1,x Sn x T esystem has not been achieved yet, mainly due to the lack of good quality samples with x 0:30 and with low carrier concentration.
II Experimental
Recently, w e h a ve reported on the growth of high quality P b S n T esamples, covering the whole composition range 14 . The P b S n T elayers were grown on 111BaF 2 substrates by molecular beam epitaxy using solid P b T eand SnTe sources. The growth temperature was between 250 and 300 o C and the nal thickness was about 4m. The samples were characterized by high resolution x-ray di raction, temperature dependent resistivity, Hall mobility and infrared transmission. The lms grown using stoichiometric P b T eand SnTe sources have shown a hole concentration between p = 1 10 17 cm ,3 , for P b 0:85 Sn 0:15 T e , t o p = 2 10 19 cm ,3 , for SnTe. This p value, observed for SnTe, is at least one order of magnitude lower than the one previously reported in the literature. Such a lower carrier concentration increases the hall mobilities of all samples and makes easier their optical characterization. Details about the electrical characterization of these layers have been published elsewhere 15 .
Another important feature is a well de ned minimum in the temperature dependent resistivity and a corresponding maximum in the mobility of all samples with 0:35 x 0:70, as can be observed in the Fig. 1 for two t ypical P b S n T elayers.
According to the BI model, this composition range corresponds to that where band crossing should occur. Since this behavior can be observed only for the samples in the band crossing range, it seems that this minimum in the resistivity is related to the band inversion. For the samples in this range, the energy gap should rst reduce with decreasing temperature, as it happens for P b T e . But after the band inversion it should increase with further decrease in temperature, the behavior of SnTe. This change in the signal of the energy gap temperature coe cient dE g =dT, would be the reason for the behavior observed in the resistivity and mobility. To clarify this point, the temperature dependence of the energy gap for all samples, mainly that covering the BI region, was measured. The energy gap was determined from the transmission spectra, which w ere measured using a Fourier transform infrared spectrometer in the range from 4500 to 800 cm ,1 for temperatures between 5 and 300 K. Fig. 2 shows the energy gap as a function of temperature for two samples outside the BI region. As expected, the energy gap increases with temperature, for the sample with x = 0 :15, while it decreases, for the sample with x = 0 :82. But, in contrast to model, the absolute value of the temperature coefcients dE g =dT w ere very di erent. This occurs because the E g value taken from the transmission spectra is the optical energy gap" E for the samples in the band inversion region is completely di erent, as shown Fig. 3 .
The optical energy gap rst reduces, reaches a minimum, and than starts to increase. Again, due to the relatively high carrier concentration of the samples, the temperature coe cient o f E op g is much smaller than the expected value of dE g =dT . The temperature where this minimum in E op g occurs coincides with the temperature of minimumresistivity for all samples in the band inversion region. Fig. 4 plots the temperature of minimum resistivity and minimum E op g as a function of Sn content for all our MBE samples, together with the band crossing temperature predicted from the BI model. 
III Conclusion
The Burstein-Moss shift in the P b S n T esystem, due to the high hole concentration, produces a strong change in the temperature dependence and absolute value of the optical energy gap. The change in signal of dE op g =dT , for P b 1,x Sn x T esamples with 0:35 x 0:70, is a direct experimental evidence of the band inversion in this alloy. The coincidence between the optical and electrical measurements shown in Fig. 4 , indicates that the minimum previously observed in the resistivity curves of our samples is related to the band crossing. The discrepancy between the measured and predicted temperatures, which can be observed in Fig.  4 is not yet clearly understood, but we believe that it is also related to the e ect of high carrier concentration of these samples, since the BI model does not take i n account the BM shift.
